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Se utili]y un modelo de calidad del aire para anali]ar las emisiones provenientes de la re¿nería de 3etryleos 
Mexicanos 3emex ³Miguel Hidalgo´ y la planta termoelpctrica ³Francisco 3pre] Ríos´ de la Comisiyn 
Federal de Electricidad CFE locali]adas en la ciudad de Tula, Hidalgo. La ¿nalidad fue identi¿car la in-
Àuencia de estas emisiones en la composiciyn atmosfprica de la Zona Metropolitana del Valle de Mpxico 
ZMVM. El modelo utili]ado acopla la meteorología y la Tuímica necesarias para la reali]aciyn del estudio 
de impacto. Se llevy a caEo la simulaciyn de dos escenarios Tue comprenden el periodo del 20 al 2 de octuEre 
de 200: un ³escenario Ease´ con las emisiones reales del complejo industrial y un ³escenario de reducciyn´ 
alternativo Tue supone una disminuciyn del 40 en las emisiones de NOx, SO2 y compuestos orgánicos vo-
látiles COV del complejo industrial. Los resultados del modelo se cotejaron con mediciones en super¿cie 
de la Red Automática de Monitoreo Atmosfprico y se oEservy Tue en ciertas condiciones meteorolygicas las 
emisiones del sector industrial sí inÀuyen en la calidad del aire de la ZMVM. El escenario de reducciyn fue 
efectivo para simular una disminución en la concentración de SO2 en las inmediaciones de la zona industrial 
e igualmente para el Valle de Mpxico; sin emEargo, esta misma reducción en COV y NOx no logró disminuir 
la concentración de ozono en la ZMVM. 
$%675$&7
Using an air Tuality model, this study shoZs hoZ emissions from the ³Miguel Hidalgo´ re¿nery of 3etróleos 
Mexicanos 3emex and the thermoelectric plant ³Francisco 3prez Ríos´ of the Comisión Federal de Elec-
tricidad CFE, Federal Electricity Commission in Tula, Hidalgo inÀuence the atmosphere of the Mexico 
City Metropolitan Area MCMA. The model couples meteorology and chemistry. The Zeather scenario 
encompasses the period from OctoEer 20-2, 200. TZo scenarios are compared: the ¿rst assumes a 40 
reduction in emissions of NOx, SO2, and volatile organic compounds VOCs from the Tula complex reduction 
scenario, and the second considers the scenario Zithout reduction Easeline scenario. The model is compared 
Zith measurements of the Red Automática de Monitoreo Atmosfprico Automatic Environmental Monitoring 
NetZorN. :e oEserve that under certain Zeather conditions, the energy sector of Tula, Hidalgo affects the air 
Tuality in the MCMA. The reduction scenario is effective in reducing SO2 concentrations; hoZever, despite 
a 40 decrease in the emissions of ozone precursors, their concentrations in the MCMA did not decrease.
.H\ZRUGV Air Tuality modeling, Mexico City, Mexico¶s energy sector.
1. ,QWURGXFWLRQ
The Tula industrial complex TC is located approx-
imately  Nm northZest of Mexico City in the state 
of Hidalgo. The prevailing Zinds in the center of 
Mexico are northern during the months of September 
and October, so the Mexico City Metropolitan Area 
MCMA, Zhich includes Mexico City, is located 
doZnZind. Thus, 20 million inhabitants may be 
$WPyVIHUD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affected by the dispersion of emissions from this 
complex into the atmosphere. 
The TC comprises tZo industrial centers: the 
re¿nery Miguel Hidalgo of 3etróleos Mexicanos 
3emex, the second largest in the country, Zhich 
processes approximately 29 000 barrels of oil per 
day 3emex, 2013, and the thermoelectric poZer 
plant Francisco 3prez Ríos of the Comisión Federal 
de Electricidad (CFE, Federal Electricity Commis-
sion, Zhich operates on a dual and combined cycle. 
The CFE plant is the ¿fth largest generation plant 
in the country (CE3AL-Semarnat, 2004 Zith an 
installed capacity of 12 M: and generation of 
10 210 G:hyr. The plant uses fuel oil containing 
2.-4 sulfur by Zeight, Zhich generates high 
emissions of pollutants. According to the emissions 
inventory of 2002 for the state of Hidalgo (CEE, 
2002, this thermoelectric plant emits 10 00 tons
yr of SO2 and 1 31 tonsyr of nitrogen oxides, Zhile 
the 3EME; plant emits 13 42 tonsyr of dioxide 
sulfur and 1 93 tonsyr of nitrogen oxides.
3revious ZorNs by authors such as Cabrera (200 
have established TC emissions through remote sens-
ing, Zhile their local impact has been studied by Sosa 
HWDO (200 and de Foy HWDO (2009. In this paper, 
Ze extend the scope of atmospheric modeling to the 
center of the country and incorporate photochemical 
phenomena, using the Multiscale Chemistry Climate 
Model (MCCM (Grell HW DO, 2000. This model 
can reproduce the spatial distribution of pollutants 
concentrations on a complex orographic area, such 
as the center of Mexico, and it includes sources of 
anthropogenic and biogenic emissions (Jazcilevich 
HWDO, 200. A scenario is chosen for the modeling 
Zith the reTuired conditions for the transport of air 
pollutants from the TC to the Valley of Mexico. Con-
centration levels of SO2, NOx and O3 are obtained Zith 
a spatial resolution of 3 Nm and a temporal resolution 
of 10 min in the center of Mexico. Thus, the impact 
of the TC emissions in the Valley of Mexico can be 
determined, and their effect on the air Tuality of this 
area can be determined by reducing the TC emissions 
in the model.
It is therefore important to establish Zhether the 
TC emissions are transported to the Valley of Mexico, 
and Zhich areas and hoZ many people are affected. 
:ith this information, the importance of the TC 
emissions can be measured relative to other sources 
that affect the atmosphere in the Valley of Mexico, 
and the relevance of pollution control policies for the 
complex can also be established.
2. 0HWKRGV
The MCCM combines atmospheric photochemistry 
and meteorological modules, including gas phase 
chemistry, and anthropogenic and biogenic emis-
sions, Zhich are calculated based on data of land 
use, surface temperature, and radiation. The Zeather 
portion of the MCCM is based on the MM, a ¿fth 
generation mesoscale model from the National Cen-
ters for Atmospheric Research3ennsylvania State 
University (NCAR3enn State (Grell HWDO, 1994. 
The MM includes multiple nesting capability, 
non-hydrostatic dynamics (Dudhia, 1993, and data 
assimilation in four dimensions (Strauffer and Seaman, 
1994. It also simultaneously calculates meteorological 
and chemical changes in the domain, and generates 
time-dependent, three-dimensional distributions of 
the major organic and inorganic species relevant to the 
formation of oxidants such as O3. One advantage of the 
online coupling of meteorology and chemistry is that it 
provides consistent results Zithout data interpolation, 
contrasting to the uncoupled models for chemistry and 
transport. The system is used for prognosis and diag-
nosis; therefore, different modeling scenarios can be 
presented and their results analyzed. Finally, the output 
data are visualized Zith post-processor graphics such 
as GRADS (ForNel and García, 2003.
To use the MCCM anthropogenic point emis-
sion, area and linear sources are localized, and their 
corresponding contributions are measured. For this 
reason, Ze used databases from the Secretaría de 
Medio Ambiente y Recursos Naturales (Secretariat of 
Environment and Natural Resources (SINE, 2003, 
the Gobierno del Distrito Federal (Federal District 
Government (SMA-DF, 2000, and the Universidad 
Nacional Autónoma de Mpxico (UNAM, National 
Autonomous University of Mexico (Jazcilevich et 
DO, 200. Information from the Red Automática 
de Monitoreo Atmosfprico (RAMA, Automatic En-
vironmental Monitoring NetZorN (SMA, 2009 is 
used for comparison of the meteorological and air 
Tuality variables. Effective heights from the chim-
neys are determined by their physical height plus 
the elevation that the plume reaches at the chimney 
outlet, according to %riggs¶ formulation that alloZs 
the determination of the rise of the smoNe column 
(:arN HWDO, 1990.
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0HWULFVIRUYHUL¿FDWLRQRIWKHDLUTXDOLW\PRGHO
To verify the ¿delity of the model, the baseline scenar-
io is compared Zith surface measurements from the 
using basic statistics. Standard deviations calculated 
from the data predicted by the model for a variable (ıp 
and the observed standard deviations (ıo are given by 
ETs. (1 and (2:
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Zhere N refers to the number of monitoring locations 
or points, and pi and oi are hourly average values for 
each monitoring station or point predicted by the 
model and observed, respectively.
The root mean sTuare difference (RMSD of the 
mean differences betZeen the predicted values pi and 
observed oi are also calculated Zith the folloZing 
formula (:illmott, 191:
RMSD = 1
N
pi i
i=1
N 2
1
2
 (3
:ith these statistical indicators, the level of accu-
racy of the model can be determined. The accuracy 
is considered high if the standard deviation of the 
prediction data is similar to the standard deviation 
of the observed data.
The RMSD (ET. 3 is decomposed into the fol-
loZing:
1. Systematic root mean sTuare deviations 
(RMSDs betZeen measured and modeled values as 
shoZn in ET. (4:
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2. Unsystematic root mean sTuare deviation 
(RMSDu betZeen measured and modeled values:
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In this formula a and b are the intercept and slope, 
respectively, of the least sTuares linear regression 
betZeen p and o. The RMSDs (ET. 4 are a measure 
of the systematic error in the prediction model, Zhile 
RMSDu (ET.  describes the nonlinear discrepancy 
betZeen the prediction and the observed data, Zhich 
can be interpreted as a measure of accuracy. 
For a metric that alloZs veri¿cation of the model, 
the index of agreement Ic (:illmot HWDO, 19 is 
de¿ned by the folloZing eTuation:
Ic =1
pi oi( )2
i=1
N
pi + oi( )2
i=1
N
o o
 (
This index compares the outputs of the prediction 
values Zith the observed values. The possible range 
for this index is 0 to 1, Zith a value of 1 representing 
perfect agreement.
In case of the Zind directions the index of simi-
larity is used. 
I s =
1 + cos(α − β )
2
 (
This index compares the Zind directions of the 
prediction values Zith the observed values. The 
possible range for this index is 0 to 1. A value of 
1 represents parallel vectors Zith same direction, 
0. perpendicular vectors, and 0 stands for parallel 
vectors in opposite direction.
1HVWLQJVWUDWHJ\
The multiple-nesting strategy employed consists of 
three domains that include most of Mexico and the 
region of inÀuence of the TC, as shoZn in Figure 1. 
The center of the domains is located at 20.0 N, 
99.2 :. Domain 1 has a resolution of 2 Nm, do-
main 2 has a resolution of 9 Nm, and domain 3 has 
a resolution of 3 Nm. Domain 3 covers the region of 
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the TC and the Valley of Mexico, Zhere the base and 
emission control scenarios are held.
The MCCM has the ability to model the nested 
domains in a bidirectional manner; that is, the meteo-
rological data betZeen the higher and loZer domains 
is feedbacNed. Thus, bidirectional modeling is used for 
domains 1 and 2, but unidirectional modeling is em-
ployed for the transportation of pollutants in domain 3.
A description of the domains is shoZn in Table I. 
The three domains have 24 vertical layers. The ra-
diation scheme (IFRAD considers long and short 
Zaves. The cumulus parameterization is the Grell 
(ICU3A, used in domains 1 and 2. Turbulence 
schemes (I%LTY3 for the boundary layer are the 
medium range forecast of Hong and 3an (199 for 
domains 1 and 2, and %urN and Thompson (199 for 
domain 3. For the land surface temperature (ISOIL 
scheme, a ¿ve-layer model is employed for moisture 
diffusion (Grell HWDO, 2000.
6FHQDULRVH[WHQVLRQVHYHULW\DQGSRWHQWLDOH[
posure
TZo scenarios are proposed: base and emission 
control. The base scenario is the current state, and 
the control scenario considers a 40 reduction in 
emissions of SO2, NOx, CO, and VOCs in the TC 
region. The control scenario is based on the fact that 
the re¿nery and thermoelectric plant can achieve those 
reductions by applying neZ technologies in a relatively 
short period of time. For example, the poZer plant 
could sZitch to a cleaner fuel such as natural gas.
To Tuantify the effect of the scenarios Zith gas 
criteria reductions and to maNe an objective compar-
ative study, three metrics are used: extension (Ec, 
severity (S, and integrated potential exposure of 
the population (^ (Georgopoulos HWDO, 199. The 
evaluation of the scenarios is performed by compar-
ing these metrics, Zhich are brieÀy described beloZ.
Ec*: Sums the mesh elements that have exceeded 
the pollution standards for each gas during the epi-
sode. The formula for its calculation is as folloZs:
 
1
=
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m
n
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Zhere Nc* is the number of cells in excess of concen-
tration level c* during hour n, and m is the duration 
of the episode in hours.
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Fig. 1. Domains used in the regional modeling.
Table I. Characteristics of modeling and parameterization domains.
Domain 1 Domain 2 Domain 3
Number of cells in the 
;-axis (Zest-east 60 40 61
Number of cells in the 
Y-axis (south-north 60 40 61
Cell dimension (Nm 2 9 3
3rojection Lambert-conformal Lambert-conformal Lambert-conformal
TZo-Zay nesting Yes Yes No
Vertical levels 24 24 24
IFRAD Cloud rad Cloud rad Cloud rad
ICU3A Grell Grell No
I%LTY3 MRF MRF %urN-Thompson
ISOIL Multi-Layer Multi-Layer Multi-Layer
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This metric indicates the spatial extent of an ep-
isode in terms of the total number of grid cells Zith 
high pollutant values during a period.
6: Sums the times that the concentration of a cri-
teria gas has exceeded the environmental standard. 
It is calculated as folloZs:
1
=
=
m
n i, j
S i, j, nc i, jH (c )* (9
Zhere
H (c* ) =
1   if Ci,j c ,
0   if Ci,j c .*
*
 (10
Ci,j is the concentration in the cell Zith coordi-
nates and c* can be eTual to the current standard 
level or another value of concern. The units Ci,j cor-
respond to the same units of the gas criteria chosen 
for comparison.
Thus, the strategy effectiveness is a measure 
of the improvement of air Tuality in response to 
changes in emissions due to the controls applied. 
This gives a direct relation betZeen the change in 
a given metric and a de¿ned emissions reduction, 
and can be an indicator of the ef¿cacy of the control 
strategy.
Ȍ: 4uantifies the extent of exposure in time 
and space, incorporating the size of the population 
potentially exposed to unhealthy levels of pollutant 
criteria. It is calculated using the folloZing eTuation: 
ij, n c
m max
1= =
m
n
m
Ψ
ij, nϖ
ϖ
 (11
Zhere i,j,n is the population for the cell Zith coordi-
nates i,j during hour n; Cij,n is the concentration of cell 
i,j during hour n; max is the maximum population in 
the study region; and m is the number of hours in the 
study period (Georgopolus HWDO, 199.
0RGHOLQJSHULRGDQGPHWHRURORJLFDOGDWD
Meteorological data for the region of the modeling do-
mains is obtained from the North American Regional 
Reanalysis (NARR database for 200. The data are 
provided every three hours Zith a resolution of 32 Nm.
The modeling period from October 20-2, 200 
Zas chosen because the Zinds during this period 
come from the TC region to the Valley of Mexico. 
Figure 2 shoZs the average Zind direction during 
October 200. The surface ÀoZ lines demonstrate 
the relationship betZeen the TC and the Valley of 
Mexico. This conclusion agrees Zith information 
from the Informe climatológico ambiental del Valle 
de México (Climatological and environmental report 
of the Valley of Mexico 200 (SMA, 2006.
3. 5HVXOWV
Figure 3 shoZs an example of the time comparison of 
temperature, Zind magnitude, and pollutant criteria 
concentrations that Zere measured and modeled at 
the surface at the ENE3-Acatlán (EAC and Tlalnep-
antla (TLA stations. The same comparison Zas also 
performed for the other 16 stations of the RAMA. 
The discontinuities indicate lacN of data, and time is 
shoZn in local times.
As shoZn, the model acceptably describes the 
temperatures in the study region. Regarding SO2 
concentrations, sub- and overestimates are observed 
in the concentrations obtained by the model in certain 
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Fig. 2. Average Zind ÀoZ lines from October 20 to 2, 
200 in the Valley of Mexico.
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Fig. 3. Comparison of meteorological and pollutants criteria variables generated by the model (left panel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measured by the RAMA (right panel from October 20 to 2, 200.
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periods because there are undeclared sources or the 
timing is unNnoZn for the corresponding inventory.
6WDWLVWLFDODQDO\VLVRIWKHPRGHOLQJUHVXOWV
:e performed a basic statistical analysis described 
in subsection 2.1 Metrics for veri¿cation of the air 
Tuality model. 
The model has an Ic concordance greater than 0.9 
(Zhere 1 is the perfect agreement for temperature in 
all stations. For Zind direction, the Ic ranged betZeen 
0.6 and 0.. For Zind speed, the Ic values Zere greater 
than 0.6 in the northeast stations, as shoZn in table II.
Regarding O3, in most stations the Ic obtained Zas 
greater than 0.. :ith respect to NO2, SO2, and 3M10, 
there Zas an underestimation in our results due to lacN 
of information from sources in the inventory, as pre-
viously described. The model does not consider 3M10 
emissions from soils, Zhich is an important source of 
this material (Molina HWDO, 2010. At some stations, the 
Ic Zas loZer than 0.. HoZever, as shoZn in Figure 3, 
the model folloZs the concentrations time pro¿les.
6SDWLDOGLVWULEXWLRQRI622FRQFHQWUDWLRQVE\WKH
reduction scenario
6XOIXUGLR[LGH622)
By using the MCCM model, SO2 concentrations Zere 
obtained for both the base case scenario and the scenar-
io for a 40 emissions reduction in the TC. The study 
region includes the MCMA and parts of the states 
of Tlaxcala, Morelos, and Hidalgo. The differences 
in percentages for the super¿cial concentrations are 
illustrated in Figure 4, Zhere the maps shoZ a 40 
reduction in SO2 emissions accounts for a decrease 
of 40 in concentrations around the TC and approx-
imately 10 in the MCMA.
2]RQH2)
Maps of the percentage difference in ozone concen-
trations Zith a 40 reduction of NOx and HC¶s in the 
TC are shoZn in Figure . There is a reduction close to 
the source of up to 100 of ozone, but for the rest of 
the region, including large areas Zithin the MCMA, an 
increase of up to 10 can be observed. This increase is 
due to the nonlinearity of the photochemical processes.
0HWULFVIRUHYDOXDWLRQRIVFHQDULRV
To compare the base and emission reduction scenar-
ios, the metrics for exposure, extension, and severity 
are evaluated. The results are presented in Table III 
for NO2, O3, and SO2.
For NO2 and O3, there is no signi¿cant difference 
in the metrics for the base and the reduction scenarios. 
HoZever, there is a decrease for SO2 in the metrics 
of exposure, extension, and severity of 13, 3 and 
42, respectively.
4. &RQFOXVLRQV DQG GLVFXVVLRQ  
3hotochemical modeling shoZs that the TC inÀuenc-
es the air Tuality in the MCMA. This mainly occurs 
during September and October. 
:ith a 40 reduction in SO2 emissions, corre-
sponding decreases in the metrics for exposure, exten-
sion, and severity of 13, 3, and 42 are obtained in 
the MCMA, respectively. HoZever, for the O3 metrics, 
a 40 reduction in NO2 and HC produces a small 
increase in the MCMA concentrations in the emis-
sion reduction scenario compared Zith the baseline 
scenario. This result indicates that a decrease in ozone 
precursors in the TC does not necessarily translate to 
a reduction in ozone concentrations in the MCMA 
because of the non-linearity effects of photochemistry. 
Table II. Average concordance index (Ic, ıp, ıo, RMSD, RMSDs, and RMSDu 
values for the meteorological variables and emissions at the RAMA stations 
for October 20 to 2, 200. 
Ic ıo ıp RMSD RMSDS RMSDU
Temperature 0.93 4.1 4.04 2.30 1.1 1.69
:ind: speed 0. 1.0 1.66 2.0 1.62 1.23
:ind: direction 0.1
CO 0.4 1.1 0.49 1.12 1.03 0.43
O3 0.4 0.03 0.04 0.03 0.02 0.03
NOx 0.62 0.06 0.03 0.06 0.0 0.03
SO2 0.42 0.011 0.00 0.012 0.011 0.00
NO2 0.46 1.691 1.134 2.233 1.923 1.134
3M10 0.4 2. 20.01 3.2 32.36 19.4
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Fig. . 3ercentage reduction in ozone concentration.
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Table III. Metrics for exposure, extension, and severity of NO2, O3, and SO2 for 
the base case and for a 40 reduction in emissions.
3ollutants NO2 O3 SO2
Scenario Base Reduction Base Reduction Base Reduction
Exposure 6. 6. .4 .4 2.3 2.0
Extension 1.0 1.0 1 39.0 1 490.0 10 1.0 6 0.0
Severity 0.4 0.4 2 111.4 2 124.9  032.9 2 91.9
3olicies for pollution reduction should consider this 
effect. 3revious ZorNs on the MCMA shoZed that 
the atmosphere is hydrocarbons-sensitive, therefore a 
reduction on NO;, can induce an increment on ozone 
(García HWDO, 2009; Tie HWDO, 200. 
:e also ¿nd that the inventory of SO2, NO; and 
maybe 3M emissions needs to be improved. The 
MCCM underestimates these concentrations, but it 
Zas able to folloZ the patterns of temporal varia-
tions. There are sources of this pollutant that are not 
declared or are not Zell identi¿ed, especially in the 
northern part of the Valley of Mexico.
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